Abstract: Dongting Lake is the largest lake in the middle reaches of the Yangtze River in China. For centuries, people inhabiting the Dongting Lake area have been reclaiming land and constructing dams for flood resistance, agricultural production, and rural settlement, forming geographical entities known as polders. In this study, the regional spatial distributions of polders in the Dongting Lake area in 1949, 1998, and 2013 were obtained using historical maps and modern remotely sensed data, revealing changes since the establishment of the People's Republic of China. Nanxian County was then selected to demonstrate polder changes at the county level, because it has undergone the most dramatic changes in the area. Different polder change models for the Datonghu, Yule, and Renhe polders were analyzed for eight periods: 1644 (the early Qing Dynasty), 1911 (the late Qing Dynasty), 1930 (the Republic of China), 1949 (the People's Republic of China), 1963, 1970, 1998, and 2013. Three resulting polder evolution models are: 1) reclaiming polders from lakes, 2) integrating polders by stream merging, and 3) abandoning polders for flood release. The polder evolution models demonstrate the wisdom of local people in using land resources according to the specific regional conditions. Throughout their long-term historical evolution, the spatial distribution of polders in the Dongting Lake area tended to be homogeneous, and the degree of human disturbance tended to be stable. However, a shift occurred, from pure polder area growth or removal to more comprehensive management and protection of the regional environment.
Introduction
Dongting Lake is the only spillway-type lake located in the middle reaches of the Yangtze River in China. It serves various functions, including irrigation, shipping, water storage, and climate regulation. The low, flat benthic terrain of the lake collects groundwater and surface water inflow (Huang et al., 2012; Zhang et al., 2014) . The lake is surrounded by the broad Yangtze Plain, with an average elevation of 33.5 m. When Dongting Lake and the Yangtze River flood peaks coincide, flooding readily occurs (Dou and Jiang, 2000; Huang et al., 2011; Li et al., 2011) . To resist flooding, people inhabiting the lake area have constructed dams to encompass farmland and residential land in what are known as polders (Fu and Wang, 1958; Xia, 1988; Shi et al., 2012) .
Polder reclamation in the Dongting Lake area has been recorded since the time of the Song and Yuan Dynasties (AD. 960-1368) (Gao, 2005; Li and Yu, 2009) . Initially, the scale of polder reclamation was small (Peng et al., 1936) . Polder reclamation clearly accelerated at the time of the Ming Dynasty (HCA, 1992) . During the Qing Dynasty, polder reclamation in the lake area was incentivized by the national and local governments. Because the Dongting Lake area is a major grain-producing region of China, long-term human activities have changed the polder pattern in the area. Polder development and evolution throughout different periods has had increasingly prominent effects on regional landscape patterns and ecosystem functions. For example, initially an embankment was built for flood control, but also resulted in greater flood risk because the lake became increasingly narrow and the water level gradually rose (Liang et al., 2015) . Furthermore, unregulated polder development influenced the energy balance between Dongting Lake and the Yangtze River. It is important to clarify polder distribution, change processes, and potential evolution models, which will contribute to decision making for future polder development not only in this area but also for similar lake areas globally.
There is a long-established research focus on issues associated with changes to Dongting Lake polders. Perdue (1982) studied water management and control in an agricultural society during the Ming and Qing Dynasties in the Dongting Lake area. Li and Deng (1993) revealed the interactive relationship, in which sediment deposition is the foundation of polder reclamation, and polder reclamation in turn promotes sedimentation. Zhao et al. (2003) researched the policy of returning polders to lakes in the Honghu Lake area, on the central Yangtze River near the Dongting Lake area. Li et al. (2004) studied land use and land cover change in 1980, 1990 and 2000 in the Dongting Lake area, and analyzed the underlying factors. Zhao and Fang (2004) analyzed land cover changes in the Dongting Lake area resulting from poldering and subsequent lake restoration, focusing on five periods from the 1930s to 1998. Cai et al. (2005) conducted a field survey on the extent of the Oncomelania snail, a major infectious agent of schistosomiasis, which was found to occur in 41 abandoned polders of the Dongting Lake area. The results indicated that the snail-inhabited area has increased by 869.4 ha after returning polders to lakes. Zhong (2005) pointed out that the development of polders in the Dongting Lake area is mainly affected by sediment deposition, population growth, and policy interventions. Polder development promoted regional economic prosperity, flood resistance, and refugee settlement. Jiang et al. (2007) constructed a coupled one-and two-dimensional hydrodynamic model of the 1998 Yangtze River flood event, and studied the characteristics of flood responses to the restoration of polders. Peng et al. (2010) analyzed monitoring data for bird resources in the Qingshan polder, located in the western Dongting Lake area, from 2004 to 2009, and showed that returning polders to lakes promotes the restoration of local wetland ecosystems. Yang et al. (2011) established the area of Dongting Lake and the spatial distribution of polders through visual interpretation of ETM+ images obtained in September 2001 . Ji et al. (2014 used historical and modern maps to study the spatial change of polders in the Dongting Lake area, and the underlying causes thereof, from 1921 to the 1990s. Previous studies have shown that polder evolution has had a long history and a significant impact on the regional environment. However, the time series considered in those studies mainly concentrated on the 20th century, and have not yet revealed the core geographic distribution characteristics of the polders from the earliest stages to the present in the Dongting Lake area. Moreover, previous studies mainly presented changes in land use and cover in this area, rather than the patterns of polder change and evolution models.
In this study, the general distribution and change features of polders in the Dongting Lake area were obtained using remote sensing and landscape analysis. Then, the county with the most dramatic polder change characteristics was chosen, to study its historical evolution dynamics across multiple periods since the 17th century. This study aims to obtain the distribution patterns, change processes, and evolution models of polders in the Dongting Lake area, and to provide methods and decision-support information for land resource utilization, environmental management, and regional sustainable development for similar spillway-type areas worldwide.
Data and methods

Study area
Dongting Lake is located south of the Jingjiang reaches of the Yangtze River, and flows into the Yangtze River at the mouth of the Lingjikou River in Yueyang City, Hunan Province, China. The lake water comes from four rivers in the south (i.e., the Xiangjiang, Zishui, Ruanjiang, and Lishui rivers), and connects with the Yangtze River in the north, as shown in Figure 1 . From an administrative perspective, the Dongting Lake area is located in the Hubei and Hunan Provinces of southern China (28°30ʹ-30°20ʹN, 10°40ʹ-113°10ʹE). The area has a subtropical climate, with an annual sunlight duration ranging between 1757 and 1832 hours, annual precipitation between 1200 and 1400 mm, and annual mean temperature between 16.4 and 17.0 . Because it was influenced by both natural and human activities over a long ℃ period, Dongting Lake has been divided into three parts: western, southern, and eastern (Dou and Jiang, 2000) .
The study area comprises the 20 counties surrounding Dongting Lake, three of which (Songzi, Gong'an, and Shishou) are in Hubei Province (see Figure 1) , with the remaining 17 located in Hunan Province (Lixian, Jinshi, Anxiang, Hanshou, Wuling, Dingcheng, Nanxian, Yuanjiang, Huarong, Junshan, Yueyanglou, Yueyang, Miluo, Xiangyin, Ziyang, Heshan, and Wangcheng).
Data and preprocessing
Landsat data of the Dongting Lake area in 2013
Remotely sensed images obtained by Landsat 8 were used to interpret the distribution of polders in the Dongting Lake area in 2013. The Landsat 8 satellite was launched on February 11, 2013 by the U.S. National Aeronautics and Space Administration (NASA), with two Table 1 .
2.2.2
Maps of the Dongting Lake area from modern periods (1949, 1998) Modern maps obtained include The Topographic Map of the Dongting Lake Area in 1949 (scale, 1:300,000) compiled by the Water Conservancy Bureau of Hunan Province, China, and The Water Conservancy Project Map of Hunan Province in 1998 (scale, 1:250,000) compiled by the Dongting Lake Water Conservancy Project Management Bureau in the Hunan Province, China. The spatial distributions of water and polders in the study area were obtained by digitizing these two atlases.
2.2.3
Maps of typical polder change in ancient and recent periods (1644-1970s) Ancient and recent maps of polder changes in selected counties are derived from The Atlas of Historical Vicissitude in Dongting Lake compiled by the Department of Land and Resources of Hunan Province in 2011. The atlas contains many polder distribution maps for 
Methods
2.3.1 Polder information extraction using remotely sensed data and an object-oriented approach An object-oriented classification method was used to extract the polder information via three steps: multi-scale segmentation, classification rule construction, and polder interpretation and evaluation. The interpretation was carried out using the eCognition software (Baatz and Schäpe, 2000; Liu and Wu, 2002) .
(1) Multi-scale segmentation Based on multiple experiments, the optimal segmentation scales of water and polders were set to 50 and 70 respectively, using the Landsat 8 OLI remotely sensed data. Under this segmentation scale, each polygon object contains one land cover type with clear boundary.
(2) Classification rule construction The boundary between water and polder is interpreted by applying a sequence of classification rules, comprising Normalized Difference Water Index (NDWI), Digital Elevation Model (DEM), Enhanced Vegetation Index (EVI), distance to river, and length/width ratio. The threshold values used for specific rules are described as follows.
 The NDWI index is calculated as follows (McFeeters, 1996) :
where ρ Green and ρ NIR represent the reflectances of the green and near-infrared bands respectively. Based on multiple experiments, areas with NDWI >0.38 were classified as water.
 For polder extraction, the DEM threshold was set to ≤30 m because the polders in the study area are mainly located the Yangtze River Plain.
 The EVI was used to correct the effect of soil background and aerosol scattering, by using the blue band to enhance the vegetation signal (Liu and Huete, 1995) . The index is calculated as follows:
where ρ NIR , ρ Red , and ρ Blue are the reflectances of the near-infrared, red, and blue bands, respectively. The EVI value is set to range from 0.15 to 0.6. The rule could distinguish and excluded less-vegetated areas such as mudflats and some unused land around the lake.
 The distance-to-river rule, using a 200 m buffer, is used to eliminate some wetlands and mudflats, which have similar spectral characteristics to paddies.
 The length/width ratio refers to the minimum bounding rectangle of an object. This rule is used to eliminate some objects outside polders, calculated as follows:
where a and b refer to the length and width of the approximate boundary respectively; A is the area of the object; and f refers to the weighting. (3) Polder interpretation and evaluation Based on the classification rules constructed above, the polder boundaries were extracted automatically. Then, post-processing was used for the classification, including boundary growth and shrinkage, merging of regions, removal of small objects, and editing of attributes. The results were validated through a field survey in October 2013. In total, 26 independent verification points were obtained, consisting of 22 polder points and 4 water points. The distribution of survey polders coincides entirely with the interpretation results.
Data processing of historical polder spatial distribution and change analysis
A four-stage process in ArcGIS software was employed to process the data on the historical spatial distributions of polders in selected counties. First, geometric correction was carried out using a binary quadratic polynomial to control the overall correction error to within a pixel of 0.5, and geographic registration was performed. Then, the cubic convolution method was used for resampling. Thirdly, binarization was carried out by scanning the corrected images with the Rectify tool. Finally, automatic vectorization was used to extract water and polder information using the ArcScan tool, thereby obtaining the polder distributions in 1949 and 1998.
The polder change information was obtained using ArcGIS software. The distribution of unchanged polders was captured using the Intersect tool, and changed polders were obtained using the Erase tool. Finally, polder changes in the periods 1949-1998 and 1998-2013 were extracted by summing up the changed and unchanged polder areas, respectively, for the two periods.
The detailed data processing and change analysis chain is shown in Figure 2 . and is calculated as follows:
where d i represents the distance between object i and its nearest neighbor object, n is the number of objects; and A is the minimum bounding rectangle area of each object by default, which can also be set as self-defining. If ANN<1, the polders are characterized by an aggregated distribution; if ANN>1, the polders are characterized by a random distribution; a polder with a higher ANN value is more likely to display a homogeneous scattered distribution. The Z value can be used to test the reliability of the obtained results. The different probabilities of occurrence within the standard normal distribution theory determines whether or not the difference between two mean values is significant, as follows:
where SE represents the standard error, n is the number of objects, and A is the minimum bounding rectangle area of all objects by default. where j = 1, 2, ……, m, P ij and a ij represent the perimeter and area of a patch respectively.
MPFD reflects the impact of the landscape pattern indirectly affected by human activities, calculated as follows:
where N is the total number of patches, and P ij and a ij represent the perimeter and area of the patches respectively. The value of MPFD is: 1≤ MPFD≤ 2. MPFD values closer to 1 indicate simpler patch shape, implying less influence by human activity.
(3) Area-weighted method for polder centroid evolution Changes in polder centroid position show the directional evolution of the polder. After obtaining the center of each polder, the respective centroid positions during different periods can be calculated by the area-weighted method (Meng et al., 2005) , as follows:
where N is the total number of spatial objects, x i and y i are the coordinates of the ith spatial object, w i represents the attribute information of the ith spatial object; W X and W Y represent the weighted average center coordinates of the total spatial object.
3 Spatial distribution and analysis of polders in the Dongting Lake area 3.1 Spatial distribution of polders in 1949, 1998, and 2013
The spatial distribution maps of polders in 1949, 1998, and 2013 , generated by the automatic vectorization and object-oriented methods, are shown in Figure 3 . The polder distribution statistics are shown in Table 2 . In 1949, the number of polders was quite large, totaling 761 in the study area. These were clearly quite fragmentized, accounting for a total area of 8254.96 km 2 (28.8% of the study area). In 1998, the number of polders was reduced to 160, while their total area expanded to 12270.5 km 2 (42.8% of the study area), accompanied by an expansion of individual polders toward lake centers. Meanwhile, Dongting Lake was fragmented due to continuous polder reclamation. By 2013, the number of polders had gradually reduced to 108, with the continuous merging of existing polders. However, the total area of polders reduced to 12060.2km 2 (42.1% of the study area), showing a slight decline since 1998. The polders were mainly aggregated to the north of the southern part of Dongting Lake, stretching into Hubei Province at the limit of the study area. Part of the polders were aggregated to the south of southern Dongting Lake, including Ziyang, Xiangyin, and Heshan counties, and to the west of western Dongting Lake, including Hanshou, Wuling, and Dingcheng counties.
Changes in spatial distribution of polders from 1949 to 2013
Changes in the spatial distribution of polders for the periods 1949-1998 and 1998-2013 are depicted in Figure 4 . Polders showed an obvious increase from 1949 to 1998. The total area of polders increased by 4015.54 km 2 (48.64%) over the almost 50-year period. Areas that experienced major increases are around Datong Lake and in Miluo, Ziyang, Lixian, and Junshan counties, as shown in Figure 4a . The total area of polders decreased by 210.3 km 2 (1.70%) over the 15-year period from 1998 to 2013. This decrease in polder area mainly consisted of the removal of independent polders surrounded by water, and polders along the edges of lakes and rivers. Meanwhile, the water surface area of eastern Dongting Lake clearly increased, as shown in Figure 4b . Table 3 . The ANN value of polders in 1949 was less than 1, indicating an aggregated distribution of polders at that time. The p-value and z-score were 0 and -10.583 respectively, suggesting that the aggregated distribution was significant (i.e., a strong aggregation). In comparison, ANN was 1.008 in 1998, indicating that the polders were randomly distributed at that time; z-score was 0.197, indicating low significance. The ANN calculated for polders in 2013 was 1.096, indicating a trend toward a homogeneous or scattered distribution. The ANN ob- 
County-level changes in polder area
County-level changes in the areal coverage of polders (in percentage) from 1949 to 2013 are shown in Figure 5 .
Figure 5
County-level coverage of polders (% of total area) in 1949, 1998, and 2013 In 1949, there was a large number of polders, but their distribution varied between different counties. Four counties, Songzi, Yueyang, Yueyanglou, and Miluo, had no polders at this time. Then, with continuous polder reclamation and merging, the overall number of polders declined. In 1998, polders were found in nearly every county in the Dongting Lake area. The coverage of polders (as a percentage of total county area) clearly increased. Nanxian County contained the largest proportion of polders, particularly in 1998.
After the catastrophic flooding of 1998, the Dongting Lake area began to abandon polders for flood release and to return polders to lakes. Until 2013, there was a continuous decline in the number of polders, and the areal differences between counties were small. Nanxian County had the largest percentage of polder coverage, as high as 99.93%.
Considering the changes in polder area in different years in each county, the polder area in Nanxian County underwent the most obvious change after 1949. Moreover, the county is located in the center of the study area, which can be considered to be representative. There-fore, Nanxian County was selected for the long-term time series evolution model analysis carried out in section 4.
Evolution model analysis of different kinds of polders in Nanxian County
This section considers the Datonghu polder, Yule polder, and Renhe polder in Nanxian County, shown in Figure 1 , as examples to further analyze the polder evolution model.
Datonghu polder: reclaiming polders from lakes
Spatiotemporal evolutionary features of the Datonghu polder
The Datonghu polder is the largest polder in Nanxian County, and is important in the Dongting Lake area more generally. In 1644 (during the early Qing Dynasty), the area was still largely covered with water, and its eastern side was connected with Dongting Lake, as shown in Figure 6a . In 1911 (during the late Qing Dynasty), polders in this region were beginning to take shape, and the western and northern sides of Datong Lake were largely reclaimed by poldering, reducing the lake area, as shown in Figure 6b . From Figure 6c , it can be seen that polder clusters emerged in the early years of the Republic of China (1912 China ( -1930 .
Figure 6 Maps showing changes of the Datonghu polder in different periods
With further expansion of these polders, the distance between neighboring polders decreased. The western side of Datong Lake was further developed, and almost completely developed into polders. In 1949, polder construction expanded into the northern side of Datong Lake. Some of these polders even reached the edge of the lake, as shown in Figure 6d . Until 1963, polder development was more rapid than during the previous periods. Between 1949 and 1963, the polder area increased sharply by 94.63%, from 221.46 km 2 to 431.03 km 2 . The area around the lake was entirely reclaimed. Meanwhile, this period also experienced the most rapid contraction of Datong Lake, shrinking to an area of only 82.87 km 2 , as shown in Figure 6e . Compared with the former polder increase, during the period from the 1970s to 2013, Datong Lake and the polders in the region tended to be increasingly stable under present policies and conditions of social development, as shown in Figures 6f-6h . The catastrophic flooding of 1998 caused serious damage to many polders and embankments. From 1998 to 2013, the polder area decreased by 22.69 km 2 , but the polders around Datong Lake have been almost completely recovered by continuous reclamation. The centroid calculation for Datonghu polder in different years since 1911 (during the late Qing Dynasty) is shown in Figure 7 . It can be seen that the polder centroid moved from north to south and from west to east, from 1911 to 2013. The polder centroid moved closer to the centroids of Datong Lake and the regional area, indicating that polder development is based on the continuous reclamation of Datong Lake.
The distance between the centroids of the Datonghu polder and Datong Lake increased from 1911 to 1949, but the rate of increase was not large. However, the distance suddenly decreased with more rapid polder development in 1963, indicating that the polder was gradually growing closer to Datong Lake. In subsequent periods, the distance became short, and the areas of the lake and polder stabilized.
Factors underlying polder reclamation from the lakes model
The Dongting Lake area suffers from long-term flood disasters. The lake covered a large area in 1644, but experienced continuous and uncontrolled reclamation from the Ming and Qing Dynasties to 1949, almost completely transforming the area into polders. From a historical perspective, the primary purpose of polder reclamation in this area was to resist and protect against flooding, whether officially or privately. Meanwhile, the reclamation of the water body and expanding urbanization exacerbated the rate of polder reclamation.
Since 1950, the establishment of state farms has accelerated polder development. Large areas were reclaimed around Datong Lake, which was gradually isolated from Dongting Lake with the establishment of Beizhouzi, Datonghu, and Jinpen farms. From 1950 to 1963, 15 new state farms were built throughout the Dongting Lake area. For example, the estab- lishment of western Dongting Lake Farm near the Lishui River resulted in uncultivated land being converted to farmland, which triggered polder construction. Furthermore, local and central government policies were important for reclaiming polders from lakes. Since the 1970s, the central government encouraged reclamation in order to increase food production, and polder reclamation developed continuously as a result. After the catastrophic flood of 1998, however, polder reclamation tended to stabilize under the flood control policies of the central government.
Yule polder: integrating polders by stream merging model
Spatiotemporal dynamics of the Yule polder
As of 1644, the Yule polder still did not exist; In 1911, several polders were found, mostly to the west of the area; thereafter, polders were established continuously until 1930 (see Figures 8a-8c ). According to the water conservation annals of Hunan Province, published in 1985, there were 73 small polders distributed in the Yule polder area by 1949 (Figure 8d) . From 1949 to 1963, a policy of integrating polders by stream merging was carried out on a large scale, with small polders gradually being merged into larger ones within the Yule polder area (Figure 8e ). In the 1970s, following the completion of the Nanmao Canal in the central region, the Yucai polder in the north and the Lexin polder in the south were merged to form the Yule polder (Figure 8f ). Subsequently, the Yule polder showed little change between 1998 and 2013 (Figures 8g and 8h ). Figure 9 shows photographs of the Yule polder taken in October 2013, including villages, farmland, and forests.
Underlying causes for integrating polders by stream merging
For a long time, parts of the river channels have been blocked as a result of the long-term excessive and uncontrolled reclamation in the area. Dongting Lake was becoming shallower due to sediment accumulation, which weakened its adaptability, but the water level continued to rise and floods occurred frequently. The Yule polder was formed as part of a large-scale project to merge polders throughout the Dongting Lake area. Integrating polders by stream merging mainly merged the scattered polders according to their positions and relationships with nearby rivers, which not only changed the local sediment condition but also strengthened the embankments for flood resistance. Furthermore, the merging of polders shortened the total length of flood embankment, reducing the burden of drainage control, and benefiting the management of water levels inside the polders. Prior to 1949, polders throughout the lake area were small and scattered, and the length of flood embankment was long. Following long-term integration of polders by stream merging, the length of the flood embankment began to reduce. The ratio of polder perimeter to area decreased dramatically, from 1.28 in 1949 to 0.48 in 2013.
Renhe polder: abandoning polders for flood release
Spatiotemporal dynamics of the Renhe polder
The Renhe polder is situated in the alluvial plain of the branch of the Ouchi River that is connected with the Central Yangtze River, as shown in Figure 10a . The Renhe polder is vulnerable to flooding due to its low elevation, and because the middle branch of the Ouchi River was divided in two to the north and merged again in the south. Consequently, during the flooding of 1998 and 1999, the polder was entirely submerged (Figure 10b Figure 10 Satellite images of Renhe polder (2013, 1999) and field landscape abandoning polders for flood release. Subsequently, the Renhe polder has been inhabited; however, when the water level is low or during the dry season in the Dongting Lake area, it is still cultivated. In the field survey of October 2013, the polder was found to be used for vegetable cultivation (Figure 10c ).
Underlying causes of abandoning polders for flood release
Most of the abandoned polders are small areas surrounded by rivers or distributed along rivers, such as the Renhe polder. Generally, the decision of whether to abandon a polder is determined by the potential flood risk, its position and relationship to nearby rivers, and by local social and economic conditions. Two approaches have been adopted to abandoning polders for flood release. One approach is to only abandon settlements, while farmlands remain. Following the flooding of 1998, a more stringent policy of abandoning polders for flood release has been adopted. For example, although the Renhe polder has not been inhabited since 2001, the farmland is still cultivated during the dry season (as seen previously, in Figure 10c ). The other approach to abandoning polders is for both settlements and farmland to be abandoned. There are 156 abandoned polders within the study area, covering 114.7km 2 . Polder abandonment could protect inhabitants from flooding, avoid casualties, reduce residents' economic losses, and save money and energy that were previously diverted to flood control and repairing water-damaged facilities.
Discussion
The regional spatial distribution and change of polders in the Dongting Lake area in 1949, 1998, and 2013 were analyzed using historical maps and modern remotely sensed data. Landsat 8 OLI data with 30 m spatial resolution was chosen to enable comparison with historical maps at scales of 1:300,000 and 1:250,000. Three different polder change models for the Datonghu polder, Yule polder, and Renhe polder in Nanxian County were analyzed for eight periods: 1644 (the early Qing Dynasty), 1911 (the late Qing Dynasty), 1930 (the Republic of China), 1949 (the People's Republic of China), 1963, 1970, 1998, and 2013. (1) The area experienced two inverse changes in the Dongting Lake polder area in the 1949-2013 period. The number of polders in the area gradually decreased, from 761 in 1949 to 108 in 2013. The spatial distribution of polders increased noticeably during the period 1949 to 1998. The polder area increased notably, from 8254.96 km 2 to 12270.5 km 2 (48.64%), during the almost 50-year period from 1949 to 1998. Following the catastrophic Yangtze River flood of 1998, the Dongting Lake area implemented policies to restore polders to lakes and to abandon polders for flood release in accordance with the flood control policies of the central government. Subsequently, polders decreased from 1998 to 2013. The total area of polders reduced from 12270.5 km 2 to 12060.2 km 2 . (2) During this period, the ANN value of polders increased from 0.799 to 1.096, indicating that polders were evolving from an aggregated pattern to a homogeneous distribution. The MSI value gradually increased from 1949 to 2013, influenced by continuous polder reclamation and expansion during this period. Meanwhile, the MPFD value decreased less during the period 1998-2013 than prior to 1998 and began to stabilize, indicating lessening human influence on the changes in polder pattern. Generally, human interference tended to be stable during the period 1949-2013.
(3) Polder evolution was mainly explained by three models: 1) reclaiming polders from lakes, 2) integrating polders by stream merging, and 3) abandoning polders for flood release. The evolution models for polders in Nanxian County were used as examples. For the Datonghu polder, reclamation was carried out according to the geographical conditions around Datong Lake, following the model of polder reclamation from lakes. Polder reclamation in the Dongting Lake area consisted of an extension from north to south, and from the edge to the center of the lake. The Yule polder follows the model of integrating polders by stream merging, whereby scattered polders were combined into larger ones depending on their positions relative to nearby rivers. The Renhe polder became encircled by the engineered bifurcation of the Ouchi River, and is now uninhabited following the model of abandoning polders for flood release. Polders located around the lake, which were vulnerable to flooding due to low elevation and had low levels of socio-economic development, were abandoned. From 1949 to 1998, some old polders were abandoned because they could not be repaired following serious flood events. Following the catastrophic flood of 1998, those polders that influenced the flood storage capacity or had little resistance to flooding, began to be abandoned. Although the three models differ, they have two common characteristics: one is that polder evolution was mainly driven by flood control and storage regulation, and the other is that the evolution models adopt a traditional Chinese geographical notion of adjusting measures to local conditions.
Conclusions
This study investigates 20 counties in the Dongting Lake area. The distribution of polders and of water bodies was extracted using an object-oriented method and vectorization of historical maps. In combination with the landscape index and land use change, dynamic changes in polders and land use, as well as their relationships, were analyzed. Throughout the long-term historical evolution, the spatial distribution of polders in the Dongting Lake area tended to be homogeneous, and the degree of human disturbance tended to be stable. Spatiotemporal distribution and historical evolution models were analyzed using three example polders in Nanxian County. The polders in the Dongting lake area have experienced long periods of change, and the evolution mechanisms are complex.
This study was mainly based on remote sensing and GIS technology from the perspective of land use change, and the acquired historical and present land use data. Additional factors such as hydrology, geology, geomorphology, and socio-economic indicators that more aptly reflect human activity remain to be included for a comprehensive analysis. Based on the present survey of natural and human factors, future analysis will consider the impacts of polder pattern changes on wetland ecology, and on resource development and use in the Dongting Lake area. Furthermore, in order to obtain the inflection point of polders in the Dongting Lake area affected by the policy implications, we plan a follow-up study utilizing more detailed, annual data on polder changes. The results would contribute knowledge and experience of environmental management and regional sustainable development for use in similar areas worldwide.
